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Abstract: High-efficiency THz generation in quasi-phase matched (QPM)
optically contacted GaAs (OC-GaAs) with near-Brewster angle pumping is
studied numerically. The effective nonlinear coefficients de f f for different
incident angles and polarization directions are investigated. Compared with
the normal incidence case, reflection loss of the pump energy at OC-GaAs
interfaces can be reduced by propagating the pump at a near-Brewster angle
(66.92◦). The effect of the air-gap spacings between adjacent OC-GaAs
layers to the number of optimal QPM periods and the efficiency of THz
generation are calculated. In our study, the number of optimal QPM periods
of OC-GaAs is increased significantly from 12 in the normal incidence
configuration to 25 in the near-Brewster angle pumped configuration, while
the efficiency of THz generation is enhanced by more than 16 times.
© 2007 Optical Society of America
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1. Introduction
Efficient generation of THz wave is very important to applications in many fields, such as med-
ical imaging, noninvasive material and structure detections, and communications [1, 2, 3]. Tak-
ing the advantages of its large nonlinear coefficient and low absorption in the THz range, THz
generation in quasi-phase matched (QPM) GaAs by parametric down-conversion has been ex-
tensively studied [4]. Recently, THz wave generated in periodically-inverted diffusion-bonded
GaAs stacks has been demonstrated [5]. To bond the GaAs stacks, processes with uniform
pressure up to 107N/m2 and temperature up to 1000◦C are required [6]. On the other hand,
THz wave generation based on orientation-patterned GaAs crystal has also been reported [7],
in which the crystal is grown by the combination of hydride vapor phase epitaxy and molecu-
lar beam epitaxy. Although this all-epitaxial growth technique can have precise control of the
QPM period with a submicron resolution, it is hard to fabricate samples with relatively large
clear apertures and sufficient thicknesses.
To have a large aperture QPM GaAs without the aforementioned complicated fabrication
process, optically contacted GaAs (OC-GaAs) fabricated by simply stacking up 1-mm-thick,
2”-diameter (110) GaAs wafers in a clean room has been demonstrated [8]. By pumping along
the [110] direction of GaAs to utilize its maximum de f f , THz wave generation has been ob-
served. Although the optically contacted wafers can be stacked very close to each other that
the air-gap between adjacent layers is smaller than the wavelength of the pump (λp), reflection
losses from the surfaces and the interfaces limits the number of possible QPM periods. As the
result, optically clear interfaces are usually difficult to obtain when the number of QPM periods
exceeds 5 [8]. Therefore, in this paper, we propose a different pumping configuration for THz
generation where a TM-polarized wave is pumped near the Brewster angle of the OC-GaAs to
reduce the reflection loss [9] both from the surfaces and interfaces. Compared with the normal
incidence configuration used conventionally, the number of optimal QPM periods of the near-
Brewster angle pumped configuration can be increased and a large overall enhancement in the
conversion efficiency can be achieved.
2. Results
Figure 1 shows the propagation and polarization configurations of a near-Brewster angle
pumped QPM OC-GaAs. In our study, the pump and signal wavelengthes at λp = 3.448 µm
and λs = 3.471 µm are considered because the two wavelengths avoid two-photon absorption
in GaAs and are the idler wavelengths of a convenient 1064 nm pumped optical parametric
amplification seeded by telecom diodes [10]. The absorption coefficients of the pump and the
THz waves at the corresponding wavelengths are αp = 0.01 cm−1 and αT Hz = 0.2 cm−1 [11],
respectively. With a QPM period of 2 mm (1-mm-thick wafer), THz wave at λT Hz = 515.7 µm
can be produced. The refraction indexes of the GaAs at the corresponding pump and THz
wavelengths are np = 3.335 and nT Hz = 3.6, respectively. To account for the transmission loss
between each layer, a normalized air-gap spacing D/λp between each wafer is considered.
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Fig. 1. (a) Propagation and (b) polarization configurations for THz generation in a near-
Brewster angle pumped (110) QPM OC-GaAs.
In conventional configurations, a pump wave is incident normally to a QPM GaAs along the
[110] axis and polarized in the [1¯11] direction to fully utilize its largest nonlinear coefficient
de f f = 2√3 d14 [12, 13]. However, significant reflection losses at the surfaces and interfaces limit
the possible number of QPM periods and THz conversion efficiency. Therefore, as can be seen
in Fig. 1(a), a TM-polarized pump incident on the QPM OC-GaAs with an angle θi tilted from
the [110] axis is utilized in order to minimize the reflection losses from the surfaces. The pump
wave inside the GaAs layer and the generated THz wave transmitted have refraction angles of
θr and θT Hz, respectively. For a pump wave inside the GaAs with an angle θr, it can rotate
arbitrarily along the [110] axis within the cone as shown in Fig. 1(b), where the rotation angle
of its projection on the (110) plane from the [1¯10] axis is denoted as θro.
For a pump wave incident at θi with a polarization angle θro, the projections of the E field at
the x, y, and z axes are, according to Fig. 1(b),
Ex = E
√
1− cos2θrsin2θrosin[tan−1(
tanθr
cosθro
)− pi
4
], (1)
Ey = E
√
1− cos2θrsin2θrocos[tan−1(
tanθr
cosθro
)− pi
4
], (2)
and
Ez =−Ecos(θr)sin(θro), (3)
where θr = sin−1( sinθinp ). From the nonlinear susceptibility χ
(2) of GaAs, the maximum effec-
tive nonlinear coefficients de f f of a TM-polarized pump incident at different θi optimized with
rotation angles θro are calculated and shown in Fig. 2(a), where the maximum de f f is normal-
ized to the nonlinear coefficient d14 of GaAs. The optimal rotation angle θro is determined by
rotating the pump along the cone described in Fig. 1(b) to obtained the largest de f f [14]. As
can be seen, the de f f decreases as θi increases, an obvious reason for adopting normal incident
pump as in the conventional configuration. However, although the de f f is slightly decreased
when compared with the normal incidence case, the TM-polarized pump incident at an tilted
angle experiences much less reflection loss from the interfaces and hence is expected to con-
tribute to higher overall conversion efficiency when a multiple-layer QPM OC-GaAs structure
is considered.
Figure 2(b) shows the transmission coefficients of the TM-polarized pump wave of the GaAs
calculated with different incident angles [15]. As can be seen, total transmission occurs at the
Brewster angle of θi = 73.5◦, while only 71.25 % can be transmitted for normal incidence.
In spite of the higher transmission for the pump wave, total internal reflection of the THz
wave (dashed curve) happens when θi > 66.92◦ due to the higher refractive index at the THz
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Fig. 2. (a) Maximum de f f and its corresponding polarization direction θro (refer to
Fig. 1(b)) as a function of θi. (b) Transmittance of the TM-polarized pump and refraction
angles of the pump (θr) and the THz (θT Hz) waves for different incidence angle θi.
Fig. 3. Transmittances of the pump wave with normal (dashed curve) and near-Brewster
angle (solid curve) incidences for different air-gap spacings.
wavelength. As the consequence, to minimize the reflection loss of the pump while can still
avoid the total internal reflection of the THz wave generated, pumping at a near-Brewster angle
θi = 66.92◦ before the total internal reflection occurred is preferred. At θi = 66.92◦, a maximum
de f f of 0.9014d14 with θro = 33.58◦ and a transmittance above 97.8% can be reached. Note that
when the incident angle is close to the Brewster angle, coupling the THz wave out from the OC-
GaAs can become difficult due to the diffraction of the THz wave. This can be overcome by
attaching a GaAs wedge or/and a silicon hemisphere ball-lens (n=3.4) to the last GaAs plate for
better out-coupling.
In an OC-GaAs sample, the spacing of the air-gap between each layer affects the transmit-
tance of the pump wave that can propagate into the successive wafers of the QPM structure.
Figure 3 shows the transmittances of the pump wave at the interface for the normal (dashed
curve) and near-Brewster angle (θi = 66.92◦)(solid curve) incidences with different air-gap
spacings D/λp, respectively. Apparently, while the transmittance of the pump incident at the
near-Brewster angle remains at a high transmission level, the transmittance of the normal inci-
dence case rapidly reduces as D/λp increases. It drops to its minimum of 0.3 when the spacing
is equal to a quarter wavelength of the pump (D/λp = 0.25) [9, 15]. The significant reflec-
tion loss of the pump in the normal incidence case can hamper the overall efficiency of THz
generation.
By solving the following coupled equations of parametric down-conversion [16] for each
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Fig. 4. Efficiencies of the (a) TE- and (b) TM-polarized THz generation for different num-
ber of QPM periods and air-gap spacings.
successive layer of QPM OC-GaAs with aforementioned considerations,
∂Eωp
∂ z + αωpEωp =− jκpEωsEωT Hze
j∆kz, (4)
∂Eωs
∂ z + αωs Eωs =− jκsEωpE
∗
ωT Hze
− j∆kz, (5)
and
∂EωT Hz
∂ z + αωT HzEωT Hz =− jκT HzEωpE
∗
ωs e
− j∆kz, (6)
efficiencies of the TE- and TM-polarized THz generations with near-Brewster angle pumped
QPM OC-GaAs for different numbers of QPM periods under the condition of different air-gap
spacings are calculated and shown in Figs. 4(a) and (b), respectively. Here, E is the electric
field, α is the absorption coefficient, κ is the coupling coefficient, ∆k is the phase mismatch,
and the subscripts s, p, and T Hz denote the signal, pump, and THz waves. The power of the
THz wave generated is normalized to the power of the pump wave, where pulse energies of 10
µJ and 5 µJ for the pump and the signal waves with 0.5 ns pulsewidth are considered. As can
be found, the conversion efficiency of the TE-polarized THz wave is much lower than the TM-
polarized one. This is because that, at θi = 66.92◦ with θro = 33.58◦, the maximum de f f occurs
at a polarization direction almost perpendicular to the TE polarization. Therefore, the THz
conversion takes place solely in the direction of the TM polarization. For D/λp = 0.025 (D =
85 nm with λp = 3.4 µm), the optimal number of QMP periods for maximum TM-polarized
THz conversion is about 25, yielding a conversion efficiency of 4.02x10−3.
To compare with the benchmark of the normal incidence case, Fig. 5 shows the overall (TE-
and TM-polarized THz waves combined) efficiency of THz wave generation. As can be seen
in Fig. 5(a), in the extreme case of no air-gap between the interfaces (D = 0, reflections only
occur at the input and output surfaces but not between each layer), the efficiency of the normal
incidence case (dashed blue curve) outperforms the near-Brewster angle pumped case (solid
blue curve) marginally for QPM periods less than 17 contributing from the higher de f f at θi =
0◦. On the contrary, due to the minimized reflection losses on the input and output surfaces,
the near-Brewster angle pumped case does not reaches its maximum of 4.07x10−3 until a QPM
periods of 25. As the result, with higher pump power reaching into the QPM OC-GaAs, the
#87311 - $15.00 USD Received 10 Sep 2007; revised 2 Oct 2007; accepted 2 Oct 2007; published 4 Oct 2007
(C) 2007 OSA 17 October 2007 / Vol. 15,  No. 21 / OPTICS EXPRESS  13658
(a) (b)
Fig. 5. (Color online) (a) Efficiencies of the THz generation vs. number of QPM periods
with the near-Brewster angle (solid curves) and the normal incidence (dashed curves) cases,
where the blue, cyan, and magenta curves are for the cases of D/λp = 0, D/λp = 0.25, and
D/λp = 0.025, respectively. (b) Zoom of the low-efficiency region of Fig. 5(a) to show the
details of the normal incidence case.
efficiency of the near-Brewster angle pumped case eventually surpasses the normal incidence
case providing an optimized number of QPM periods is chosen.
Nonetheless, air-gaps in the interfaces inevitably exist. For the case of D/λp = 0.025, the
efficiencies of the near-Brewster angle pumped case and the normal incidence case are shown
in Fig. 5(a) with the solid cyan and dashed cyan curves, respectively. Figure 5(b) zooms the
low-efficiency region of Fig. 5(a) to show the details of the normal incidence case. As the air-
gap is taken into account, which introduces reflection loss of the pump wave before entering
the successive layer, the efficiency of the normal incidence case drops severely compared to the
near-Brewster angle pump case. Suffering from the great loss in reflection, the normal incidence
case reaches its maximum efficiency of only 0.251x10−3 at a QPM periods of 12. At the same
time, by simply changing the incident angle of the pump to the near-Brewster angle θi = 66.92◦,
a gain of 6 times can be obtained with the same number of QPM periods. With the possibility
to increase the QPM periods to 25, a gain of more than 16 times for the near-Brewster angle
case can eventually be reached.
3. Conclusion
In conclusion, the advantages of pumping a QPM OC-GaAs sample with the TM-polarized
pump incident at a near-Brewster angle is discussed and studied. Although the effective non-
linear coefficient may be slightly lower compared with the normal incidence case, significant
reduction in the reflection losses on both the surfaces and interfaces benefits not only in the pos-
sibility of increasing the QPM periods, but also in the overall conversion efficiency. Under the
near-Brewster angle pumping configuration studied, the QPM OC-GaAs can be a promising de-
vice for efficient THz wave generation that it has the advantages of high conversion efficiency,
large aperture, and better yet, easy process in fabrication.
4. Acknowledgments
The authors are grateful to S. Y. Shaw for helpful discussions. This work was supported in
part by the National Science Council of Taiwan under contract NSC 95-2112-M-007-011 and
National Tsing Hua University under project code 96N2534E1.
#87311 - $15.00 USD Received 10 Sep 2007; revised 2 Oct 2007; accepted 2 Oct 2007; published 4 Oct 2007
(C) 2007 OSA 17 October 2007 / Vol. 15,  No. 21 / OPTICS EXPRESS  13659
